correlation considering absolute maturity, as well as the use of multiple selection indices to study the genotype ´ environment interaction and select superior cultivars. Regarding this, the aim of the present study was to identify lines that associate precocity, good yield performance, and high oil and protein contents in the grains, as well as to estimate the correlation among these traits and study the effect of genotype ´ environment interaction using a standardized multiple selection index. Trials were conducted in two crop seasons in the state of Minas Gerais, Brazil, with 39 lines in 13 evaluation environments. The experiments were conducted in a randomized complete block design with four replications, and the grain yield, absolute maturity, and oil and protein contents in the grains were evaluated. The results indicated high experimental precision and accuracy, with significant differences among lines for all traits. High-magnitude correlations between evaluated traits were found, highlighting the negative correlation between absolute maturity and protein content in the grains. The genotype ´ environment interaction was also significant, and the use of the multiple selection index was efficient to identify superior and stable inbred lines by the genotype + genotype ´ environment (GGE) biplot method, which explained 82.23% of the genotype ´ environment interaction effect. Lines 27 and 31 stood out from the others because they associated stability and good performance for all evaluated traits.
the oil and protein contents in the grains. It is known that there is a positive and large magnitude correlation between grain yield and absolute maturity in soybean, which means that the reduction in the crop cycle would generally imply a reduction in the average yield of cultivars.
The estimation of phenotypic, genetic, and environmental parameters allows identifying and studying the traits of interest for breeding programs. It is also possible to estimate the correlation among them, aiming to verify if the observed variation in one trait can influence the variation observed in another trait . Several studies have been conducted with the aim of estimating these parameters for several traits in soybean, as well as their correlations (Carvalho et al., 2002b; Lopes et al., 2002; Carpentieri-Pípolo et al., 2005; Peluzio et al., 2005; Almeida et al., 2010; Nogueira et al., 2012; Rigon et al., 2012; Gesteira et al., 2015) .
Although most of these studies deal with quantitative traits, no studies were found in the literature involving the correlation between oil and protein contents with absolute maturity in soybean. The study of the correlation among these traits is extremely important, since it allows identifying if the change in the absolute maturity of commercial cultivars can affect the oil and protein contents present in the grains.
In value for cultivation and use (VCU) experiments, several traits are usually evaluated. An alternative for contemplating more than one characteristic in the selection is the adoption of an index. This strategy has been applied in the soybean on some occasions Silva, 2016) . However, it should be noted that there are no reports on the use of this tool in the selection of soybean cultivars for absolute maturity, yield, and grain quality.
The genotype ´ environment interaction is often reported for different traits in soybean (Carvalho et al., 2002a; Lima et al., 2008; Vasconcelos et al., 2010; Marques et al., 2011; Barros et al., 2012; Bueno et al., 2013; Silva et al., 2015; Soares et al., 2015) and other crop species, like barley (Hordeum vulgare L.), triticale (´Tritico-secale Wittm. ex A. Camus), and wheat (Triticum aestivum L.) (Kendal, 2015; Kendal and Sener, 2015; Dogan et al., 2016; . When the existence of interaction is verified, a strategy that can be adopted is the adaptability and stability analysis through the genotype + genotype ´ environment (GGE) biplot method. Several studies report the use of this method, especially for the trait grain yield. However, results on the study of adaptability and stability are not available when considering multiple traits in soybean.
Based on the above, the present study was performed with the aim of obtaining information on the association among the traits of grain yield, absolute maturity, and oil and protein contents in grains; studying the genotype ´ environment interaction (crop seasons and sites) in the choice of cultivars using multiple index selection; and identifying soybean lines that associate early maturity, good yield, and grain quality.
MATERIAL AND METHODS

Conducting the Experiments
The experiments were conducted in 10 cities in the state of Minas Gerais (Brazil), during two crop seasons, with the aim of covering the soybean production area of the state (Table 1 ). In the first crop season, 17 elite inbred lines were evaluated, and in the second crop season, 20 elite inbred lines from the same program were evaluated, three of which were common to the first crop season. Five commercial cultivars (Treatments 1-5) were used as controls in all experiments, totaling 39 different inbred lines ( The no-tillage system was adopted and the seeds were inoculated with Bradyrhizobium japonicum using a liquid inoculant, in the proportion of 1,200,000 bacteria per seed. Seeding was performed mechanically in both crop seasons. The thinning was done 25 d after germination, aiming to guarantee the final stand of 15 plants per linear meter. The other cultural practices were performed according to the procedure shown by Soares et al. (2015) .
The 39 treatments were evaluated in randomized complete blocks design with four replicates, each plot consisting of four rows 5 m in length, with 0.5-m spacing between rows. The seeds of the two central rows were harvested, except for the initial and terminal 0.5 m of each row, totaling 4 m 2 of useful area. The following traits were evaluated:
1. Grain yield (kg ha −1 ), obtained by individual harvesting of each plot, weighing and correction for 13% moisture, and extrapolation of obtained value for the number of kilograms harvested in one hectare. 2. Absolute maturity, comprising the number of days from sowing until maturity, represented by 95% of plants with mature pods in each plot. 3. The percentage protein and oil contents in the grains, determined in whole grains by the technique of the nearinfrared reflectance spectroscopy (NIRS), according to Heil (2010) . The grains of every line were submitted to duplicate readings through Thermo equipment (Antaris II model) with an integrating sphere with a resolution of 4 cm where y ij is the phenotypic observation of line i in block j, m is the overall average, g i is the effect of line i, b j is the effect of were compared by Scott and Knott (1974) at 5% probability. Experimental accuracy was measured by estimating the coefficient of variation (CV) and accuracy (Resende and Duarte, 2007) , according to the estimators below:
where CV is the coefficient of variation expressed as a percentage, s is the standard deviation of the trait, and y is the average of the trait.
where r is the accuracy expressed as a percentage and F c is the calculated F value. The CV is dependent on the phenotypic average, and thus the lower the average value, the higher the CV. On the other hand, the accuracy is independent of the average magnitude, which is the main advantage of using this parameter when evaluating the experimental accuracy (Resende and Duarte, 2007) .
Estimation of Phenotypic Parameters and Index Selection
With the adjusted phenotypic averages of the lines obtained in the joint analysis, the association among yield, absolute maturity, and oil and protein contents in the grains was estimated, adopting the following estimator:
( ) The significance of the obtained correlations was estimated by the t test with n − 2 df, where n corresponds to the number of evaluated genotypes.
The standardized multiple selection index (SMSI) was calculated based primarily on the standardization of the phenotypic averages obtained in the individual analyses for all lines, using the following estimator:
block j, and e ij is the error associated with the observation of line i in block j. Later, since the data were unbalanced and the analysis was based on a mixed model, a joint deviance analysis was performed considering all the environments (site-year combination), following the model
where y ijk is the phenotypic observation of line i in block j in the environment k, m is the overall average, g i is the effect of line i (fixed nature), a k is the effect of environment k (random nature), b j(k) is the effect of block j in environment k (random nature), ga ik is the effect of the interaction line i and environment k (random nature), and e ijk is the error associated with the observation of line i in block j in the environment k. The joint deviance analysis was performed using the restricted maximum likelihood method, with a significance test of fixed effect by the F value, and the random effects by the likelihood-ratio test. The averages obtained in all analyses where Z ik is the standardized average, ik y is the average of line i in the environment k, k y is the overall average in the environment k, and k s is the standard deviation in the environment k. The index was calculated considering the grain yield, absolute maturity, oil content, and protein content, which were added originating the SMSI, according to the following expression (Mendes et al., 2009) :
where Z MIS is the multiple index selection, Z GY is the standardized average for the trait grain yield, Z AM is the standardized average for the trait absolute maturity, Z Oil is standardized average for the trait oil content, and Z Protein is the standardized average for the trait protein content. The obtained values were added to a constant to eliminate negative values.
Study of Genotype ´ Environment Interaction
The SMSI was used to study the effect of genotype ´ environment interaction, with the objective of including the four main traits associated with line yield and grain quality (yield, absolute maturity, and oil and protein contents in the grains), thus forming a multivariate analysis. Due to the highly imbalanced degree of the data, the phenotypic values of each absent genotype ´ environment interaction were predicted, aiming to fill in the double-entry tables of the SMSI considering all the environments for each evaluated characteristic, as well as to enable the study of genotype ´ environment interaction. The method used to predict missing values was based on the singular value decomposition in combination with the expectation-maximization algorithm for the iterations to find the value with the maximum likelihood of occurrence, as proposed by Yan (2013) .
Cross-validation was also performed to calculate the predictive accuracy through resampling and predicting values from a submatrix, contemplating the balanced data of the second harvest, after which the correlation of the predicted values with the observed phenotypic values was calculated. The value of the predictive accuracy was calculated based on the average of correlations obtained in 1000 resamplings for all traits.
The double-entry tables of the four characteristics of interest, containing the 39 genotypes evaluated in the 12 environments, were filled with the predicted values and used to calculate the SMSI. With the balanced data, the decomposition of genotypic effects and genotype ´ environment interaction was performed following the model proposed by Yan et al. (2000) , according to the equation:
where Y ij is the phenotypic average of line i in the environment j, m is the overall average of the experiment, b j is the main effect of the environment j, l 1 is the largest eigenvalue of the first principal component (PC 1), a i1 is the eigenvector of line i for PC 1, g 1j is the eigenvector of the environment j for PC 1, l 2 is largest eigenvalue of the second principal component (PC 2), a i2 is the eigenvector of line i for PC 2, g 2j is the eigenvector of the environment j for PC 2, and e ij is the error that was not explained by both effects. The biplot graph was then obtained for the effects of the first two PCs (PC 1 vs. PC 2), being the first component associated with the yield ratio, which is due only to the genotype characteristics, and the second component associated with the part of the income due to the genotype ´ environment interaction (Yan and Holland, 2010; Yan, 2011) . Biplots with axis correction were also obtained by means (mean vs. stability), and the biplot PC 1 vs. PC 2 subdivided into macro-environments with line ranking (which-won-where). Analyses and graphs were generated by the "GGEBiplotGUI" package using R computer software (R Core Team, 2017) .
RESULTS AND DISCUSSION
The results of the joint deviance analysis, considering all environments, are presented in Table 3 . When evaluating lines in the final stages of a breeding program (i.e., VCU), it is essential that they be well conducted and that high experimental accuracy be obtained. Considering the parameters used to measure the experimental accuracy and precision, the highest values for accuracy and lowest values for coefficient of variation are desirable. In the present study, as mentioned above, the accuracy (Resende and Duarte, 2007) and the CV (Pimentel-Gomes, 2009) were adopted as tools to infer on the experimental accuracy and precision. The minimum and maximum values obtained for the accuracy and CV were 0.93 and 10.97, respectively, which indicate medium to high experimental accuracy and precision.
Accuracy was affected by the referred trait, as well as by the used analysis strategy. In the individual analyses, lower accuracy was evident. When the joint analysis was adopted, there was an increase in accuracy. This fact can be justified because a greater number of replicates is achieved when the joint analysis is performed, thus guaranteeing greater experimental accuracy and lower error associated with the estimates (Pimentel-Gomes, 2009).
There were significant differences among lines for all evaluated traits. This fact can be explained because the tested lines have genetic differences, due to their different genetic background. There were also significant effects of environments on the expression of traits. The environmental effect in this study is due to the combination of predictable and unpredictable factors (Allard and Bradshaw, 1964) . Both factors are present because the different lines were tested in different sites in the state of Minas Gerais, Brazil, as well as in two crop seasons. The unpredictable factors are particularly important for VCU experiments, since the lines must be tested for at least 2 yr to quantify this effect and minimize errors in the recommendation of cultivars (Kaster and Farias, 2012) .
The genotype ´ environment interaction was also significant, which suggests that the lines did not show coincident behavior for all the traits in the different evaluation environments. Genotype ´ environment interaction for soybean in Minas Gerais has been reported in the literature (Gesteira et al., 2015; Silva et al., 2015; Soares et al., 2015) . There are some alternatives that can be adopted in the occurrence of the genotype ´ environment interaction to identify the best lines. In this study, we chose to identify the most stable lines (Kang and Gauch, 1996) .
The adjusted averages of the 39 lines evaluated in the 13 environments for all the characteristics are presented in When studying several traits in breeding programs, it is appropriate to quantify the existence of an association among them. In this study, the association among the traits grain yield, absolute maturity, and oil and protein contents present in the grains were obtained (Table 5 ). The correlation between grain yield and absolute maturity was positive and of high magnitude. Thus, it is expected that to increase the productive potential of cultivars, later lines should be selected (Sediyama, 2015) . However, it should also be mentioned that it is possible to obtain early and highly productive cultivars. This fact is possible due to the new strategy adopted by soybean breeding programs in Brazil, focusing on the selection of semidetermined and undetermined growth habit cultivars. In these groups, it is possible to reduce the crop cycle, as well as to associate good productive potential (Sediyama, 2015) .
Several reports show the success on the use of early soybean cultivars. Gesteira et al. (2015) commented that one of the main advantages on the adoption of these cultivars in Minas Gerais is the possibility of cultivating the second crop (mid-crop season). The reduced-cycle cultivars allow the planting of crop in succession to be performed in advance, thus ensuring greater utilization of the rainy season, the agricultural areas, and higher yields for the producers.
The association between grain yield and protein content was negative and highly significant, similar to the association between absolute maturity and protein content. Scott and Knott (1974) , at 5% probability.
It was evident that the lower the absolute maturity, the higher the protein content in the grains, according to the obtained negative correlation and high magnitude. A possible explanation is related to the positive association between oil content and grain yield, as well as the negative association between oil and protein contents in the grains (Rincker et al., 2014; Gesteira et al., 2015) , which may be related to a lower degradation rate of proteins present in the grains with the decrease of the crop cycle. The higher the productive potential, the longer the crop cycle and higher the oil content in the grains hence lower the protein content (Rincker et al., 2014) , which explains the negative association obtained.
The association between the oil and protein contents in soybean has been reported in the literature (Carvalho et al., 2002b; Lopes et al., 2002; Carpentieri-Pípolo et al., 2005; Peluzio et al., 2005; Almeida et al., 2010; Nogueira et al., 2012; Rigon et al., 2012) and corroborates the results obtained in the present study. It can be seen that the strategy adopted by soybean breeding programs in Brazil has been focused on obtaining more productive cultivars. Thus, an increase in the percentage of oil content in the grains and hence a reduction in the percentage of protein content is expected. However, it should be emphasized that although there is a reduction in the percentage of protein content in the grains, the absolute yield of protein per area may be higher due to the increase in yield.
The index selection is a very useful tool to identify and select lines that associate good attributes for several traits. The results for the SMSI are presented in Table 4 . The main objective of the index selection was to identify more productive lines with lower crop cycles and high oil and protein contents in the grains. It can be observed that Line 27 was more prominent by SMSI (i.e., it was associated with early cycle, good yield, and high grain quality [high oil and protein contents]).
The use of index selection in the soybean crop has been reported in the literature. In a study performed by Soares et al. (2015) , the authors adopted a multiple-index selection and verified that it was efficient in the selection of new soybean cultivars, corroborating the results obtained in this study.
When phenotypic data are available in different environments, an alternative for the identification of more stable cultivars is the use of methods to study the genotype ´ environment interaction. Several studies considering the genotype ´ environment interaction in many crop species are presented in the literature (Kendal, 2015; Kendal and Sener, 2015; Dogan et al., 2016; . In the present study, as already mentioned, the GGE biplot (Yan et al., 2000) was adopted, considering the SMSI. The study of genotype ´ environment interaction is important because it allows obtaining information about the adaptability and stability of genotypes, especially when it is detected significance in the interaction effect. Analysis by GGE biplot is an efficient tool for this study in multisite competition trials (Bhan et al., 2005) and was also considered useful in the study of genotype ´ environment interaction, being a good tool to generate high-quality images and define recommendations for breeders . According to Oliveira et al. (2003) , the analysis should be performed with the lowest number of axes (PCs) and the highest percentage of explanation possible, because as the number of axes increases, the percentage of noise also increases, which reduces the prediction power of the analysis.
In this context, it is worth pointing out that, in this condition, it is possible to identify stable lines considering not only the trait grain yield, but also important traits such as absolute maturity and grain quality. Previous studies of genotype ´ environment interaction and relationship between traits were performed in durum wheat (Triticum durum Desf.) (Kendal, 2015; Kendal and Sener, 2015) . The authors found strong relationships between grain yield, grain components, and quality traits, suggesting that some of them can be used for indirect selection due to the presented high association. There is only one report in the literature on an interaction study considering multipleindex selection in soybean; however, it only involved the traits of yield and physiological quality of seeds (Silva, 2016) . There were no reports in the literature involving absolute maturity, yield, and grain quality.
After the SMSI analysis, the missing values in the double-entry tables were predicted for the four characteristics of interest, aiming to recalculate the SMSI in a balancing scenario and to allow the study of genotype ´ environment interaction. The validation of predictions was also performed by calculating the predictive accuracy based on 1000 resamplings, whose values were 0.71, 0.88, 0.59, and 0.73 for the yield, absolute maturity, and oil and protein contents in the grains, respectively. The obtained values were of high magnitude, proving the efficacy and reliability of predictions and data used to study the genotype ´ environment interaction.
The analysis of genotype ´ environment interaction using the GGE biplot method was efficient, and the first two PCs explained a large part (82.23%) of the observed genotype + genotype ´ environment effect. This result corroborates those obtained by Amira et al. (2013) , who verified in trials with early soybean lines that the first two PCs explained 86.6% of the interaction effect. Similar results were found in triticale study, where the PC 1 and PC 2 explained 77.50% of the genotype ´ environment interaction effect , whereas different results were found in spring barley studies, where the PC 1 and PC 2 explained 52.14 and 68.30% of the interaction effect, respectively (Dogan et al., 2016; . This method considers the environment effect as irrelevant in cultivar selection, since the adaptive capacity of genotypes is more important than the environmental conditions (Camargo-Buitrago et al., 2011) . In the GGE biplot graph, the first PC of the graph (abscissa) is associated with adaptability, also presenting high correlation with average performance, whereas the second PC (ordinates) is associated with stability (Yan et al., 2000) . It is worth mentioning that the use of SMSI in the GGE biplot analysis will not indicate the best performing lines for all the considered traits, but the lines that show averages above the overall averages of these traits in the experiment, associated with phenotypic stability.
It was observed that Lines 6, 7, 27, and 31 showed good general adaptability because they showed the highest SMSI values, as well as superiority in relation to the other lines in the abscissa axis (Fig. 1) . Among them, Line 7 showed lower stability because it is more distant from the origin of the ordinate axis. Thus, the Lines 6, 27, and 31 stood out due to their association with good adaptability, stability, and averages higher than the other evaluated lines.
Following this same reasoning, Environment 13 (Pedrinópolis, Minas Gerais, 2015-2016 crop year) provided the greatest overall adaptability, whereas Environment 5 (Uberaba, Minas Gerais, 2014-2015 crop year) provided the least adaptability. Figure 2 (mean vs. stability chart) corrects the positioning of axes with the PCs according to the line averages, thus indicating which material showed the best performance considering the SMSI (greater value in the abscissa axis), allowing a simultaneous evaluation of its stability by the ordinate axis. The graph provides a combined analysis of adaptability, stability, and average performance of the lines, which reinforces the importance of the identification of genotypes with superior performance, besides the safety and predictability in the recommendation of cultivars, seeking to guarantee success with the selection. From this perspective, it can be highlighted that although most of the lines (located in the center of graph) showed good stability and adaptability, their averages were inferior to the averages of Lines 27, 6, 31, and 7, mentioned above, considering the four characteristics simultaneously. It is also possible to highlight the superiority of Line 27 in relation to the others, including the point highlighted on the line in reference to the ideal environment. Thus, Line 27 showed the highest average and therefore better performance and grain quality associated with precocity and stability (Fig. 2) , reinforcing the results shown in Fig. 1 . One of the advantages of a GGE biplot adaptability and stability study is that both axes (PC 1 and PC 2) are in the same unit, which allows the comparison of genotypes in each environment (Yan et al., 2000) . A good tool to compare the relative performance of genotypes in environments is the which-won-where chart, which subdivides genotypes and environments into regions called mega-environments, which are delimited by red lines and a polygon. The genotypes and environments contained in each mega-environment have specific adaptability among themselves, and the lines that form the polygon vertices showed the best performance within each region and therefore are the most promising in the environments contained in the referred region.
The obtained graph visualizes the formation of a mega-environment delimited by Line 27 at its extreme vertex (Fig. 3) , also encompassing several other lines with a performance superior to the general average of the index. Environments 9, 7, and 4 are also contained in this mega-environment, and it can be suggested that the lines contained in this region showed good specific adaptability for the mentioned environments. However, due to the greater proximity among Lines 27, 6, and 31 with these environments and the fact that both axes present the same unit, it can also be noted that the specific adaptability among these lines and the mentioned environments is greater in relation to the other lines contained in this mega-environment.
Based on this analysis, it can be suggested that Lines 27, 6, and 31 showed superior performance in a larger number of environments and hence contributed less to the interaction than other evaluated lines. These lines associated specific adaptability and good stability with good performance for the traits considered by the SMSI.
CONCLUSION
Lines 6, 27, and 31 show phenotypic stability associated with good performance in grain yield and quality, considering the SMSI. There is a negative and high-magnitude association between absolute maturity and protein content in the grains, indicating that it is possible to obtain early lines with high protein content in the grains. The GGE biplot method is efficient to quantify the genotype ´ environment interaction when the SMSI is adopted, constituting an important tool for selection and recommendation of cultivars. Fig. 3 . Biplot of the principal components (PC 1 vs. PC 2) in the main axes, with subdivision of the macro-environments and ranking considering the standardized multiple selection index (SMSI) of the 39 lines evaluated in the 12 environments. The genotypes are represented by the green coloration, whereas the environments are represented by the blue coloration.
